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Abstract:  Portable water-filled barriers (PWFBs) are roadside appurtenances that are used to prevent errant 
vehicles from penetrating into temporary construction zones on roadways. A numerical model of the composite 
PWFB, consisting of a plastic shell, steel frame, water and foam was developed and validated against results 
from full scale experimental tests. This model can be extended to larger scale impact cases, specifically ones 
that include actual vehicle models. The cost-benefit of having a validated numerical model is significant and 
this allows the road barrier designer to conduct extensive tests via numerical simulations prior to standard 
impact tests Effects of foam cladding as additional energy absorption material in the PWFB was investigated. 
Different types of foam were treated and it was found that XPS foam was the most suitable foam type. Results 
from this study will aid PWFB designers in developing new generation of roadside structures which will provide 
enhanced road safety.  
Keywords: Coupled Analysis, SPH, FEM, Road Safety Barriers, Water-filled, Impact, Energy Absorption, 
Foam  
1. INTRODUCTION 
Traffic accidents in Australia cost in the billions with an average loss of 1,400 lives over 22,000 serious injuries 
to all road users [1, 2]. Study conducted by Zhao [3] concluded that roadside construction zones increased the 
probability of accidents compared to regular roadways. Serious injuries sustained from accidents have long-term 
impacts with high medical costs, rehabilitation and permanent disabilities affecting the society. A single vehicle 
accident is defined as one in which a single vehicle impacts onto roadside objects such as road barriers, trees, 
traffic poles, etc. In 2007, these types of accidents alone accounted for 44.2% of the overall fatal crashes in 
Australia [4]; higher than crashes involving multi-vehicles and pedestrians. Portable water-filled barriers 
(PWFBs) are temporary roadside structures that are used to prevent errant vehicles from penetrating into 
construction sites on roadways. These barriers are in the semi-rigid group of roadside barriers. Unfilled PWFBs 
are lightweight and easy to be transported and assembled. Once filled with water, PWFB has the potential to 
display good crash attenuation characteristics at low to moderate speedways.  
There is currently inadequate public knowledge surrounding PWFB systems. Majority of the existing literature 
pertaining to road safety barrier performance is related to concrete and steel road safety barriers. The recently 
released Manual of Assessing Safety Hardware (MASH) standard specified the re-directional requirement that 
road barriers need to exhibit, with which some of the currently approved PWFBs may not comply[5]. 
Furthermore, the Federal Highway Administration (FHWA) explicitly states that all polymeric road barriers 
should have steel reinforcement augmented to the structure [6]. The addition of the steel frame reinforcement 
will increase the crashworthiness of the barrier. Moreover, local road transport agencies require that the 
manufacturer disclose the expected peak lateral displacement of the barriers and the recommended operational 
length of barrier systems.  
The use of PWFB at road-works has been plagued with very high lateral displacements compared to other road 
safety barriers in their classification. The flexible material used in the fabrication of its shell (or body) makes the 
PWFB less stiff and lighter than other portable roadside structures and results in very high lateral displacements 
upon vehicular impacts.  This has led to the current regulations to limit the use of PWFB only up to 50kmh-1 
zones [6, 7]. The PWFB is hence susceptible to breakage and the response of the vehicle post-impact with the 
barrier is highly unpredictable. The use of polymeric foam claddings alongside the steel skeleton has been 
proposed to supplement the crash energy absorption of the PWFB and to enhance its performance with regards 
to restricting lateral displacement and enabling the re-direction of the impacting vehicle. Crash attenuating 
foams have been widely applied across many industries for crashworthiness due to their lower manufacturing 
costs and high energy absorption capabilities [8-10]. There are many kinds of foam in the market, and a plethora 
of choices are available due to the freedom in the chemical composition of the manufactured foam. Initially, 
polymeric foam was fitted onto permanent concrete walls for protection in racing circuits [11-13]. The 
application of foam as crash attenuators fitted onto temporary concrete barriers has also shown the potential to 
mitigate crash severity in racing car accidents [10]. The use of foam as a primary crash attenuator in passenger 
vehicles has been extensively studied [14-16]. It is envisioned that the combined composite action of steel and 
polymeric foam will increase the stiffness of PWFB to redirect errant vehicles in a single vehicle impact. The 
application of foam in crash attenuation of a single PWFB has been studied by Gover [17] found that the 
composite action could provide supplemental energy absorption. However, the impact energy absorption and 
performance of a realistic PWFB system is yet to be investigated.  
In order for a PWFB system to be deemed acceptable, it must exhibit two key performance characteristics. The 
MASH Test Level-3 standard stated that a PWFB system must be tested under a crash condition by a 2270 kg 
pickup truck at 25º with 100 km/h impact speed. The PWFB must redirect the encroached vehicle within the 
acceptable range, in-line with the exit box concept [18]; and secondly the lateral displacement must be 
accurately estimated by the PWFB developer and it should ideally be less than 2.0 m. The effect of foam as a 
suitable crash energy attenuator and its contribution towards the performance of the PWFB has not been 
investigated.  The type of foam used as the cladding may have a positive effect on the composite action and 
crashworthiness of the PWFB system. But, the high displacement synonymous with the PWFB may yet be an 
impediment towards the acceptable performance of the composite PWFB system.      
This paper developed a numerical model of a composite PWFB system and validated it against results from a 
series of full scale experimental tests. A newly developed pneumatic impact testing machine was fabricated 
exclusively for impact testing of the PWFB system.  Due to the complexities in obtaining data from the flexible 
PWFBs, a new procedure to extract data was used to obtain information on their impact response. Dynamic 
computer simulations were carried out to probe the composite interaction in the PWFB system when impacted 
with a rigid bumper head (as in the experiments.  The impact energy absorption capabilities of different types of 
foam claddings attached to the composite PWFB system were then treated to evaluate its performance with 
regards to its re-directional capability and lateral displacement. The commercially available and widely used 
explicit Finite Element Analysis (FEA) solver code LSTC LS-Dyna v971 was extensively used in the numerical 
analysis.    
2. EXPERIMENTAL TESTING 
2.1 PWFB USED IN EXPERIMENTS 
There are many types of PWFBs produced commercially and available in the market. This research worked 
closely with an industry partner who provided several regular and retrofitted Centurion 2M road safety barriers 
as depicted in the drawings in Figure 1. Figure 2(a) illustrates the regular Centurion 2M road barrier and Figure 
2(b) the retrofitted one. Regular PWFB is merely a hollow polymeric shell, while the retrofitted PWFB is a 
modification of the regular barrier with the addition of an inner steel endoskeleton and outer Polyurethane (PU) 
foam cladding 
The main components of the PWFB comprises of two parts. The main body is the central hollow section of the 
barrier. Besides this, the joint mechanism is enabled by pins in the pin-hole sections provided on the sides of 
each individual PWFB as seen in Figure 2. The road barriers are made of Medium-Density Polyethylene 
(MDPE) shell and fabricated via a rotational-moulding process. While empty, the regular barriers weigh 30 kg 
and the retrofitted barriers weigh 56 kg per unit barrier.  All the barriers tested were filled with water. The fill 
level was set to the recommended value of 200 kg per barrier which is 25% fill-capacity.  Due to manufacturing 
uncertainties, the thickness of the shell varied between 3.0 mm to 7.0 mm across the body of the barrier. Hence, 
an average thickness of 5.0 mm was assumed in the analysis.   
 
Figure 1: Drawing of Centurion 2M Zone Barrier 
 
Figure 2: (a) Regular Centurion 2M barrier and (b) Retrofitted Centurion barrier 
2.2 TESTING FACILITY  
a) Horizontal Impact Test Rig 
Full scale testing was conducted using a newly developed horizontal impact test rig, as shown in Figure 3. The 
testing facility consists of a moving carriage which accelerates 550 mm horizontally along specified guide rails; 
and a fixed section which is bolted to the ground. The impact carriage is accelerated by stored air-pressure 
inside the pressure vessel. The pressure vessel is connected to several bellows which expand when pressurized 
air is released into them. This in turns propels the carriage horizontally along its guide rails. The machine is 
capable of filling up to 8 MPa of pressurized air. The section that travels is mounted with an impact head and 
additional deadweight mass, as necessary. The custom built impact head, initially weighing 80 kg, was added 
with 300kg additional mass using modular deadweight mass. With the mounted mass, the machine is capable of 
propelling the carriage up to 8 m/s.  
(a) (b) 
The horizontal impact test rig is equipped with appropriate instrumentation to obtain kinematic data from the 
moving carriage. The gauge in the pressure vessel provides real time information of air pressure in the vessel. A 
string potentiometer and a 100 G accelerometer mounted on the rig provide analogue data of displacement, 
velocity and acceleration of the moving carriage throughout the acceleration, impact and end phases. In 
addition, a proximity probe and a steel encoder rail were used alongside the above mentioned sensors to provide 
digital outputs of the carriage’s kinematics.    
 
Figure 3: Pneumatic Horizontal Impact Test Rig 
b) High Speed Camera for Data Acquisition 
High speed cameras are visual acquisition devices which take photos at high sequential rates and compile still 
images to a video. The IDT X-Stream XS-4 high speed camera was available for this research and effectively 
used in the experiments. This camera is able to capture up to 5000 frames-per-second with 512 x 512 image 
resolution. Subsequently, outputs acquired from the tests were analysed using video analysis tracking software. 
The open-source Tracker video analysis software [19, 20] was used in the research to plot the displacement vs. 
time response of the PWFB. Figure 4 displays the setup of the high speed camera overlooking the region of 
interest which is shown as the insert in the Figure. 
 
Figure 4: Setup of high speed camera in road safety barrier impact test 
Moveable carriage 
The dynamic response of the barriers and the joints were captured using the high speed camera. The camera was 
pre-set to capture 1000 frames-a-second over duration of 4 seconds. This corresponds to 4000 frames of images 
with 0.001s interval between each image.  The camera was extended from a scissor-lift via a tethered camera 
tripod and raised 100cm atop the area of interest. The scissor lift was placed near the area of impact but within a 
safe distance away from it. The camera’s placement overlooks an area spanning 1.00 m x 1.00 m of the region 
of interest (Figure 4). After the placement of the camera, the capturing trigger was enabled on the computer 
connected to the camera. The camera captures the movements of several points-of-interest marked by the black-
yellow crash dummy stickers. These bright stickers are of two sizes with diameters of 3.81 cm (1.5 inch) or 7.62 
cm (3.0 inch).  In addition, a 1kW halogen light was used to illuminate the region of interest for increased 
accuracy of data extraction. The lighting was also transfixed on top of the scissor-lift platform overlooking the 
region of interest. 
2.3 TESTING SETUP AND RESULTS    
The flexible body of the PWFB presented a challenge to obtain data for the validation of the numerical model. 
There were no appropriate sensors deemed suitable to be attached to the barriers since the material composition 
of these barriers exhibit flexible polymeric behaviour. Attaching wired sensors onto the barriers may affect the 
response movement of the barrier itself. A motion-based method to extract kinematic data, using a high-speed 
camera, was therefore proposed in this study. The specified impact angle was set to 55° with varied impact 
speeds. To compensate for low impact velocity in the test, a higher impact angle of 55º was selected to increase 
the lateral kinetic energy exerted on the barrier. Figure 5 illustrates the impact tests. 
  
Figure 5: (i) Schematic of test and (ii) actual experimental setup of impact test 
Five tests were conducted using sets of regular and retrofitted PWFB systems and their displacement responses 
were obtained when impacted by the impact head at the chosen angle. The barriers were connected in a row 
spanning 6.0 m and the end of the non-impacted barriers was free to move. The test parameters are presented in 
Table 1. The numbers in the last column in Table 1 indicate the number of retrofitted or regular barriers. The 
sequence of the road safety barrier response was analysed using video analysis software.  
 
(i) (ii) 
(B) (A) 
Table 1: Summary of test conducted on experimental setup 
Test # Code Fill pressure, 
Bar  
Impact Velocity, 
ms-1 
Water Level RSB Configuration 
1 N-1 1.22 4.099 0% 3 Regular RSB 
2 N-2 1.15 3.628 25% 3 Regular RSB 
3 M-1 2.95 6.053 50% 1 Retrofitted RSB 
4 M-2 2.96 6.098 25% 3 Retrofitted RSB 
5 M-3 3.83 7.214 25% 3 Retrofitted RSB 
The PWFBs and the tests were designed so that no breakage would occur in the barriers.  Based on the visual 
inspection of the barriers post-impact, no tearing or breaking in the body of the road safety barriers can be 
reported. The water inside the barriers remained within the confinement of the barriers. It was deemed that the 
inertial displacement of the unfixed PWFB system after impact prevented breakage and spilling of water, as 
anticipated from the initial simulation.  
3. DEVELOPMENT OF FE NUMERICAL MODEL   
In the next phase of study, the numerical models of the regular and retrofitted PWFB systems were developed. 
Once the numerical model is verified, deeper analysis in the study using the model can be carried out. To 
achieve model correlation between the two methods, the boundary conditions need to be as close as possible 
with one another. However, the discrepancy between the boundary conditions between experiment and 
simulation still exist. Firstly, the mass of water that was added during the experiments varied. The variation of 
the mass of each individual barrier and its constituents also lead to several readings of the total mass of the 
barriers. This would affect the displacement distance readings of the PWFB. In the simulation, the mass of water 
and PWFB for all tests were kept constant at 230kg per unit barrier, excluding the Test M-1 which had twice the 
amount of water than the rest of the tests. The shell of the barrier presented bulging effect at the bottom. The 
friction of the floor was adjusted to the response of the experimental test due to the bulging. The inwards-
bulging of the bottom causes less surface contact between the barrier and the surface. This was not taken into 
account in the model.  
The lateral displacements of the numerical models are compared with the experimental results by selecting 
specified nodes in the vicinity of the region of interest, using the photographic evidence from the high speed 
camera.    
3.1 FEA MODEL OF ROAD SAFETY BARRIERS   
The Belytschko-Tsay [21] single integration-point shell elements were used to model the body of the PWFB 
along with stiffness based hourglass control. The material model of Gover [22, 23] based on recommendation of 
Lobo [24] and LS-Dyna [25] was applied to model the MDPE body of the PWFB system. This model is 
appropriate for materials that exhibit indeterminate elastic-plastic regions and is used to handle complex 
behaviour of ductile-brittle transitions where failure strains can vary anywhere between 100% and 10% 
depending on the polymers [24]. The thickness of the PWFB varied across its body between 3.0mm to 7.0mm. 
This can be attributed to the rotational moulding process that the PWFB underwent during fabrication. Hence, 
an average thickness of 5.0 mm was assumed in the numerical analysis. The foam was contained in three 
separate enclosures in each PWFB.  Constant stress solid elements were used to model the foam filler. The 
composite constituents were attached to the body of the barrier by tying selected nodes of the constituents onto 
the main body of the PWFB. In the experiment, the external foam panel was bolted through the shell membrane 
of the barrier onto the internal steel frame by bolts at the top of the road barrier allowing composite action by the 
constituent components. The deformation of the bolts was not considered in the experiments or simulation. In 
the numerical model, the constituent foam panel and steel skeleton were connected to the shell barrier by 
permanently fixing some nodes of the constituents to the shell part. The fixed nodes represented the bolts which 
connects the constituents to be a composite structure. The three barriers were connected to each other by the pin 
joint. The end part of the non-impacted barriers was free to move. To connect the three barriers, the pin joint 
mechanism was designed and normal surface contact algorithm was assigned between the surfaces of the pin-
joints in of the adjacent barriers. The pin joints allowed free rotational movement about the vertical axis. 
To enable fluid-structure interaction (FSI), the coupled Smooth Particle Hydrodynamics/Finite Element 
Analysis (SPH/FEA) was adopted to model water movement inside the hollow container.  This coupled method 
has shown to have accurately modelled the FSI response in system [23, 26, 27]. The rigid impact head was 
assigned rigid properties with a mass of 300 kg, as in the experiment.  The PWFB has four components which 
are: (i) internal steel frame, (ii) foam panel, (iii) water and (iv) main body of the PWFB. The constituents are 
shown in Figure 6. The model was design with deformation considered in all of the constituents. Some parts 
were considered rigid i.e. the beams and bolts that support the constituents and was duly reported. However, 
during the experiment there was not any failure that can be reported. This is due to the fact that the road barrier 
was allowed to laterally displaced thus the deformation was not displayed. 
  
  
Figure 6: Generated FE Model of Centurion 2M Zone Barrier with composite constituents (note the outer shell is 
transparent in B, C and D) 
Material Model of Steel Endoskeleton 
The stiffness of the regular Centurion 2M Zone Barrier will be increased by the fitted internal steel section. 
During fabrication, the steel endoskeleton was mounted inside the mould and rotated together until the plastic 
pellets became a hollow shell that enfolds the frame. Based on the specifications provided by the manufacturer, 
the steel frame is made of thin L-beam sections with 2 mm thickness. Moreover, the steel was identified as AISI 
1015 low carbon steel, which is the most common type of steel and acceptable for many applications. The 
chemical composition of AISI 1015 steel is tabulated in Table 2 and this is based on [28]. The internal frame has 
six holes for the three foam panels to be bolted to allow composite action in the PWFB. The steel skeleton was 
assigned the density of 7850 kg/m3, Young’s modulus of 210 GPa, Yield stress of 360 MPa and Poisson ratio of 
A B 
C D 
Water particles inside container 
Internal steel reinforcement 
External foam panels 
MDPE shell 
0.30. The work of Raush and Leslie [28] was cited for the plastic strain vs. true stress behaviour  of AISI 1015 
steel. Based on the manufacturer’s specification of elongation break at 27%, the plastic strain at failure was 
calculated to be 0.235. 
Table 2: Chemical composition of AISI 1015 Steel 
Element Carbon, C Manganese, Mn Phosphorous, P Sulphur, S 
Content % 0.13-0.18 0.30-0.60 0.04 0.05 
Metals exhibit clear elastic-plastic regions which can be identified by the yield point. The piecewise linear 
plasticity material model, known in LS-Dyna as MAT_24 has been extensively used to model metal material 
such as steel and aluminium in many rate-dependent phenomena. Similarly, this study employed the MAT_24 
element formulation to model the internal steel frame in the retrofitted road safety barrier. This material model 
couples an elastic-plastic curve with a Cowper-Symonds model. The yield point divides the rate independent 
elastic region from the non-linear plastic region. Past the yield point, the stress-strain curve at the lowest defined 
strain rate is decomposed into an elastic-plastic model which produces a plasticity curve. The application of the 
Cowper-Symonds equation has the advantage in being able to extrapolate the plasticity curve smoothly which in 
turn permits the model to be scaled to other strain rates.     
To model the strain-rate dependent behaviour of steel in the internal frame, eight separate inputs were required 
in the MAT_24 model so that plasticity and failure are visualized in the numerical model. Furthermore, the 
plastic strain at failure, plastic strain vs. true stress relationship, and two defining inputs of the Cowper-
Symonds strain-rate sensitivity were obtained from literature. The Cowper-Symonds model for strain-rate 
sensitivity is described as: 
 𝜎 = 𝜎𝑠 �1 + �𝜀̇𝐶�1𝑝� (1) 
Where 𝜎 is the true stress, 𝜎𝑠 is the quasi-static true stress, 𝜀̇ is the true strain-rate, and C and p are the 
empirically determined Cowper-Symonds variables. The values of C= 6844 s-1 and p= 3.91 have been 
established to estimate the dynamic mean crushing load for steel [15, 17, 29-31].  
Material Model of MDPE Body    
The material provided by the manufacturer of the PWFB was defined as MDPE. Further laboratory testing was 
carried out using the Universal Testing Machine (UTM) to obtain information on the properties of the polymer 
[22]. Polymers are complex materials with properties that vary with stress levels, strain rates and temperature. 
Modelling polymeric behaviour is more challenging than modelling metal-type materials due to the 
indistinguishable elastic-plastic region. Laboratory tensile tests of these samples at rates of 20, 200 and 500 
mm/min were conducted in accordance with ASTM D638 Standards [32]. The conducted testing yielded the 
material properties of density to be 948 kg/m3, Young’s Modulus of 312 MPa, yield stress of 10.8 MPa and 
Poisson ratio of 0.40.  
In this study, the material formulation MAT_89 was used as material element formulation for the MDPE body in 
the PWFB. This follows the recommendation of Hallquist [25] and Lobo [24, 33] to apply this element 
formulation to polymer models where the elastic and plastic sections are difficult to distinguish. Unlike 
MAT_24, MAT_89 enables the specification of the entire true stress-true strain profile rather than breaking up 
the data into elastic and plastic regions. This ensures that the initial non-linear elastic response of the polymer is 
simulated. Elastic or plastic deformation is determined in the model based on the local modulus of the specified 
stress-strain data. The slope of the curve is internally checked by LS-Dyna. The model is considered to have 
yielded if the tangent slope is less than the specified Young’s modulus. In the elastic-plastic region, the yield 
stress vs. strain rate was used to model the rate-dependency rather than the Cowper-Symonds equations. Scaling 
of the stress-strain curve was more beneficial as it allows the model to be applied at higher strain rates. 
Material samples of the body of the PWFB were obtained from various locations in a dismantled PWFB. True-
stress vs. true strain relationship of the material was formulated from the tensile tests. The true-stress vs. true 
strain curve for MDPE and the yield stress-strain rate dependency were then exported to MAT_89 in LS-Dyna.  
Furthermore, Gover [22] reported that the material model exhibited erratic and unstable behaviour at the onset 
of plasticity in the model. He attributed it to the nature of explicit FEM where high frequency oscillations 
resulted from small variations at the node. However, Gover [22] reported that these oscillations had little effect 
on the response of the model during impact simulations. Thus, an available filter option was successfully 
employed to treat high frequency oscillations from the strain rates prior to their use in rate effect calculations. 
The filter is a simple low-pass filter to remove high frequency oscillation from the strain rate before they are 
used in rate effect calculations. The cut-off frequency of the filter is (1e-6/timestep) in rad/sec.   
Material Model of PU Foam  
Foam is made by trapping gas pockets in a solid. The mixture of chemical solution solidifies producing solid 
foam material for multiple usages. The industry partner supplied the foam made of PU which was readily 
available. This foam material is used in the fishing industry as thermal insulation. The properties of the PU foam 
and polymeric body were obtained from the laboratory testing that preceded the full scale impact testing [17, 22, 
34]. The PU foam with manufacturers’ nominal density of 360 kg/m3 was made into several samples and 
underwent standardized compression testing. The material yielded a 1 MPa Young’s Modulus value and density 
of 360 kg/m3.  
There are several material models that are suitable to simulate polymeric foam. This research implemented the 
Fu Chang material model formulation (MAT_83_FU_CHANG) for low and medium density foams based on the 
unified constitutive equations for foam materials [35, 36]. The nominal stress-strain data as a function of strain 
rates were tabulated in MAT_83 using the 0.02 m/s and 1.0 m/s strain rates results from the compressive test. 
Furthermore, the hysteretic unloading behaviour is a function of the rate sensitivity with the least sensitive foam 
providing the smallest hysteresis and was assigned with the value of 0.05. The hysteretic unloading activates the 
shape factor for unloading of the foam and was assigned the value of 4.0 for the increased dissipation of the 
material. The study of Fu-Chang material model for foam as crash energy absorption was conducted by Gover 
[17]. The stress-strain response of the PU foam from the works of Gover [17] is depicted in Figure 7. 
 
Figure 7: Stress-strain profile of PU foam material model up to 0.9 strain based on Gover [17] 
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Material Model of Water 
Smoothed Particles Hydrodynamics (SPH) is a meshless computational Lagrangian hydrodynamic particle 
method. This method originated approximately 40 years ago when it was used to model astrophysical 
phenomena without boundaries [37, 38]. Water is a common fluid and extensive information on its properties is 
available. Hence, the equation of state which governed the fluid properties of water was obtained from the work 
of Steinberg [39] and has also been previously used [23, 26, 27, 40, 41]. As much as 41,892 SPH particles were 
used in all three barriers. The SPH particles have an initial distance of 25 mm between particles with one 
another. Each particle has an equal mass of 15.63 grams. With the shell body having an average distance of 20 
mm, the ratio of particle density between SPH over FEA is approximately 1.25. This was determined to be the 
most efficient distribution of elements in the analysis. 
The material formulation of water requires additional inputs to characterize fluids in the system. The application 
of null material model alongside equation of state was employed. The fluid section of the barrier comprises of 
SPH particles. The large distortions due to rapid sloshing are unable to be obtained from FEA alone. Thus, 
particles were introduced as the fluid region to visualize mesh deformations. The Navier-Stokes equation is the 
foundation to fluid mechanics and this was employed through SPH formulation encoded within LS-Dyna. Under 
the conditions of impact, the sloshing of water can be deemed incompressible. The SPH solver used in this 
research assumes that all materials are compressible and hence bulk stiffness is defined by an Equation of State 
(EOS). The use of EOS was invoked to describe the properties of water in the road barrier. Because water is a 
commonly used fluid, the constants in the EOS for water are widely available in the literature [42, 43]. The 
density of common water (1000 kg/m3) was used in the SPH to model the fluid. Mie-Grunesien equation of state 
for fluid pressure takes the form of Equation (2) during compression and Equation (3) during expansion i.e. 
 𝑝 = 𝜌0𝐶2𝜇 �1 + �1 − 𝛾02 � 𝜇 − 𝛼2 𝜇2�
�1 − (𝑆1 − 1)𝜇 − 𝑆2 𝜇2𝜇 + 1 − 𝑆3 𝜇3(𝜇 + 1)2� + (𝛾0 + 𝛼𝜇)𝐸 (2) 
 𝑝 = 𝜌0𝐶2𝜇 + (𝛾0 + 𝛼𝜇)𝐸 (3) 
The Mie-Grunesien EOS models the water as a compressible fluid by using cubic shock velocity and fluid 
particle velocity to determine the pressure of compressed and expanded water. In both equations (12) and (13) 
above, µ is defined as (η-1) where η is the ratio of the densities before and after the impact, ρ0 is the material 
density, C is the bulk speed of sound, γ0 is the Grunesien gamma coefficient at the reference state, α is the first 
order of volume correction to γ0.  S1, S2, S3 are the coefficient slopes in a linear Hugoniot line of the shock 
wave velocity slope and E is the internal energy per unit volume. The Mie-Grunesien EOS option in LS DYNA 
was used to input C, S1, S2, S3, γ0, α which are user defined parameters.  In the initial setup of the simulations, 
the density was added in the particle generation and material properties section while the remainder were input 
in the EOS section of LS-Prepost. The parameters for the EOS were taken from Steinberg’s [39] experimental 
data and are listed in Table 3. During simulation, the particles showed several unnatural penetrations through the 
shell wall. This occurred due to the contact algorithm failure of the polymeric shell surfaces (master surface) to 
detect the SPH particles (slave nodes) in time to repulse the nodes. Additional use of bulk viscosity, large 
damping coefficient and explosive time step controls were employed to treat shock discontinuities. The higher 
the impact velocity was, the more intense the detected particle penetrations. Due to the time-step in LS-Dyna 
was calculated internally by LS-Dyna. The user was able to artificially control the time-step by adding a scale 
factor for the computed time-step. Time scale factor used was in the vicinity of 0.40 rather than the 
recommended 0.67 by LS-Dyna. This lead to stability in the calculation yet significantly increases the solution 
time. 
Table 3: Material parameters and coefficients in the EOS for water 
Symbol Meaning Value 
ρ0 Initial density 1000 kg/m3 
C Speed of sound 1480 m/s2 
γ0 Grunesien gamma coefficient 0.5 
α Volume correction coefficient 0 
S1 Fitting coefficient 2.56 
S2 Fitting coefficient 1.986 
S3 Fitting coefficient 1.2268 
3.2 COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS – VALIDATION   
Before the numerical model can be used for detailed parametric analysis, it must be validated against results 
from experiments. In this research, the validation is achieved by comparing the lateral displacement-time 
histories of both Barriers A and B as shown in Figure 5(i) obtained from the numerical model and the 
experiments. The letters A and B denote the impacted barrier and the barrier adjacent to it respectively. The 
numerical model with input parameters as listed in Table 1 was developed in the explicit FE program, LS-Dyna 
software. 
Figure 8 depicts the tracker software used to locate the point-of-interest on the barrier for each frame. Based on 
known defined presets, the software internally plots the location over time for the entire impact sequence. The 
movement of a point-of-interest was located in each frame subjectively by the user. In the corresponding 
numerical models, nodes were identified at the region of interest and the displacement vs. time plotted for 
validation. Figure 9 to 11 illustrate the results for lateral displacements from all the tests. Additional sequences 
of image from the high speed camera for all tests are attached in the supplementary material.  
t=0.0 s t=0.05 s t=0.10 s t=0.15 s 
    
t=0.20 s t=0.25 s t=0.30 s t=0.35 s 
    
Figure 8: Sequence of impact by high speed camera analysed using Tracker© for Test N-2 
The results show that there is close correlation between the experimental and numerical results. Some results 
such as in test N-2 and M-3 were slightly out of phase with each other, but within acceptable regions for 
validation. The delayed in the response of the numerical response of the connection may be attributed to the way 
the connection between the adjacent barriers. There is some free-space for the joints to exhibit discrepancy at 
the initial location prior to impact. The initial location of the joints was set constant in the numerical simulation. 
However, the probability of the joint initial location during experimental may have an effect to the discrepancies 
between numerical and the computational response of the joints. The regular surface-to-surface contact at the 
joints performed at replicating the behaviour of the joint. Nonetheless, the results suggest that the numerical 
model developed in this study can be used for further investigation on the behaviour of the PWFBs. The 
numerical model could be expanded to include more road safety barrier in the array. Moreover, the use of actual 
vehicle model can be accommodated to study the true response under vehicle-barrier impact scenarios.      
 
Figure 9: Numerical and experimental displacement time histories for test N-1 
 
Figure 10: Numerical and experimental displacement time histories for test N-2 
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 Figure 11: Numerical and experimental displacement time histories for test M-1 
 
Figure 12: Numerical and experimental displacement time histories for test M-2 
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 Figure 13: Numerical and experimental displacement time histories for test M-3 
3.3 IMPACT RESPONSE OF CONSTITUENTS IN THE PWFB  
In Section 3.2, the results of the joint mechanism were correlated with experimental results. Next, the qualitative 
results of the structural components of the road barrier need to be verified. In roadside application, it is likely 
that more than one road barrier is used. However, it is observed that during impact, damage of the barrier is 
significantly located at the specific impacted unit instead of deformation at the global barrier system [27]. Joint 
mechanism plays a minimal role in alleviating the initial impact of the localised barrier unit. The detailed 
response of localised constituents in test M-1 is presented to observe the response of a single barrier unit to 
impacts. Figure 14 displays the numerical model of test M-1 at time of 0.35 seconds after impact.  
The deformation of the PU foam is illustrated in Figure 14(i). Similar deformation on the panels was observed 
for all the tests. The application of the foam panel limits the extent of localised damage caused by the initial 
impact [27]. The impact is only seen on the main panel, no other deformation is seen on adjacent panels. If an 
actual vehicle is used, the area of impact may be extended to include all frontal section of the shell body. The 
impact response of the PWFB and the consequent deformation of the PU foam cladding obtained from the 
numerical analysis were identical to those observed in the experimental testing.  
Figure 14(ii) depicts the post-impact sloshing of water as visualized by coupled SPH-FEA. Coupled SPH/FEA 
is well suited to analyse the phenomenon inside an impacted PWFB [26]. Based on earlier findings, water 
provides the inertial resistance and the sloshing motion in the capability of PWFB for energy absorption [23]. 
The water fill level affects the complex fluid-structure interaction inside the PWFB. When the barrier was 
impacted, the water particles interact with the shell wall on the opposite side. The back-and-forth water sloshing 
occurrence was recorded inside the shell section. The initial hit and the subsequent sloshing represents the 
energy absorbed by the sloshing motion of the water. Despite the intensity of impact, the shell wall interaction 
with the fluid does not significantly affect the structure. Hence, the deformation of the shell wall by the impact 
head is more dominant than the occurrence of fluid-structure interaction occurred in the barrier unit.      
Unlike the PU foam, there was no deformation that can be reported in the steel endoskeleton or the MDPE shell. 
This correlates with numerical model results which showed no deformation in the corresponding constituents. 
Although some stresses were visible in the simulation, no plastic deformation was visible when the barriers were 
inspected. The relatively slow impact speeds, low fill-level and free-standing setup of the test means the impact 
energy is translated to displacement of the road barriers rather than the fracture or breakage in the barrier unit. 
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Comparison of results through observations and comparison of displacement time histories indicated that the 
outcome from the numerical model agreed qualitatively and quantitatively with those from the experiments. 
Based on this premise, it is claimed that the numerical model is adequately verified. 
 
Figure 14: (i) Impact of PWFB with horizontal impact head (ii) Sloshing of water inside barrier 
Figure 15 depicts the shared internal energy absorbed by every single barrier constituents. The shell absorbs the 
most impact energy of the constituents. As found in previous research [27], the shared energy absorption among 
the constituents reduces the severity of the energy in the hollow MDPE shell. The indicated energy absorbed by 
the foam suggests that the impact energy absorption is limited to the energy in the initial impact phase. The 
energy absorbed by water is dependent on the water fill level of the barrier [23]. The sloshing of water does 
minimal for energy absorption. Hence it only serves as ballast and inertial movement resistance for the road 
safety barrier. The resistant to movement can be controlled by varying water inside the road safety barriers. This 
in turns affects percentage of the energy absorption between the deformation and the movement of the PWFB 
system. During the tests and the following analysis, the lateral significant of the PWFB is significant. This does 
not allow significant deformation to be observed in the steel endoskeleton. The deformation of the steel was less 
than the energy the shell component absorbed in the Figure 15. This is caused by the placement of the steel 
endoskeleton inside the hollow shell. As a result, other composite constituents interact with the impact prior to 
the energy transfer to the steel section. Furthermore, the free-standing nature of the road safety barrier means 
that some of the energy is translated to displacement motion of the road safety barrier rather than energy 
absorption through displacement.  
Overall, the energy absorption response is dependent of the inertial resistance of the road safety barriers and the 
component stiffness of the road barrier constituents. The resistance to motion can be varied by the addition of 
the water in the PWFB, as discovered previously [23]. For maximum energy absorption, the PWFB needs to be 
fixed to the ground. However, the free-standing nature of the temporary road barrier prohibits fixing the barriers 
to the ground. The foam panel on the outside of the road barrier act as a reactive sacrificial cladding which 
reduces the severity of the impact on the hollow shell section. The placement of composite constituents does not 
indicate whether it would aid in the redirection of the vehicle by the PWFB system. Instead, the response of the 
(i) 
(ii) 
constituents demonstrate the ability of the composite to reduced localized deformation on the specific barrier 
which is impacted rather than the global system of the PWFB.      
 
Figure 15: Shared internal energy (IE) of the barrier constituents with XPS foam 
4. INFLUENCE OF FOAM TYPES 
With the validated numerical model, the research investigated the effects of foam type on the response of the 
composite barrier system when subjected to impact. Three selected foam material properties were used in the 
analysis of the PWFB model. In addition to the supplied PU foam, XPS foam and Aluminium foam were 
selected as possible material candidates for the foam cladding. The impact analysis, based on Test M-2 and M-3, 
was repeated with the different foam materials under the same impact conditions. The analyses were carried out 
for an impact velocity of 7.0 m/s at an angle of 55°. The internal energy absorbed by each foam type across the 
duration of the impact was plotted and analysed.  
XPS (Extruded Polystyrene) foam is another type of polymeric foam made from polystyrene based material.  It 
has relative similarities to PU foam properties. This type of foam has been commercially produced primarily as 
insulation materials for residential homes. However, the foam usage was extended when the XPS foam was 
installed in the SAFER barriers used in racing circuits around the world. The material formulation for XPS foam 
has been extensively described by Gover [44] using MAT_83, similar to the material model used for PU foam. 
The foam density was nominated as 350 kg/m3 with a Young’s Modulus of 20 MPa, based on the research 
conducted by Gover [17, 44]. The material property of XPS was extracted by taking the several true stress-true 
strain curves under varying strain rates in laboratory testing. Although the properties of XPS and PU foam are 
nearly identical, the stiffness was somewhat different. The tested compressive stiffness of XPS foam was 20 
times the strength of PU foam. This is remarkable considering both materials have densities similar to one 
another.  
Unlike the other two foam types mentioned earlier, Aluminium foam is a metallic foam which is produced by 
introducing gas bubbles into a melt of the metal matrix. The defining characteristic of aluminium foam is its 
high porosity. The energy absorption properties of Aluminium foam have been extensively studied by other 
researchers [45-47]. Furthermore, the applicability of foam in a vehicle as primary crash attenuator was 
investigated by Bignell et al [14] and Ahmad and Thambiratnam [16]. The present research used material 
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properties obtained by Ahmad & Thambiratnam [48] to model the Aluminium foam with a density of 710 
kg/m3. The deformation behaviour of aluminium foam is almost strain rate independent as established by 
Despande and Fleck [49]. The material model MAT_154_DESHPANDE_FLECK_FOAM, referred to hereafter 
as MAT_154 which was used by Ahmad and Thambiratnam [41] was also used in the present research to model 
the aluminium foam used as a filler material in the hollow foam containers of the PWFB.  
To determine the material parameters of aluminium foam, several parameters that outlined in the constitutive 
strain hardening rule (3) must first be defined. The yield stress, 𝜎𝑦 is based on this strain hardening rule. In the 
equation, 𝛼2,𝛽, and 𝛾  are material parameters,  𝜀̂ is defined as the equivalent strain and 𝜎𝑝 is the plateau stress.  
 
𝜎𝑦 = 𝜎𝑝 + 𝛾 𝜀̂𝜀𝐷 + 𝛼2 ln
⎣
⎢
⎢
⎡ 11 − � 𝜀̂𝜀𝐷�𝛽⎦⎥⎥
⎤
 (3) 
The densification strain, εD can be expressed by the equations: 
  
𝜀𝐷 = −9 + 𝛼23𝛼2 ln �𝜌𝑓𝜌𝑜� (4) 
 
𝛼2 = −92 (1 − 2𝑣𝑃)(1 + 𝑣𝑃)  (5) 
𝜌𝑓 in Eqn 5 is a foam density and 𝜌𝑜is the density of the base material of aluminium which is taken as 2.7 g/cm3. 
𝛼2 is known as the shaped of the yield surface and consist of the function of the plastic coefficient of 
contraction, 𝑣𝑃 . It can be assumed that 𝑣𝑃  is equal to zero [8, 50]. The material parameters used in this research 
was adopted from the work of Ahmad [51] which declared the material parameters of an aluminium foam at 710 
kg/m3 density to be as shown as in Table 4. 
Table 4: Material parameter of Aluminium foam 
𝜌𝑓 
(kg/m3) 
𝜎𝑝 
(N/mm2) 
𝛼 
𝛼2 
(N/mm2) 
𝛽 
𝛾 
(N/mm2) 
𝜀𝐷 
710 22.18 2.12 4295 4.718 6.438 1.3357 
The inferred notion that the application of foam cladding enabled alleviation of severity during the initial impact 
phase [27] can be observe in Figure 16(i) and (ii).  The peak stress is reduced after the addition of composite 
constituents such as the foam panels by up to 12%. With the appropriate reactive cladding, localized 
deformation might eventually be eliminated in vehicular impact involving polymeric road safety barriers.   
Furthermore, the internal energies of the different foams were compared to determine the best material for 
maximum energy absorption. The energy absorbed by the foam (kinetic energy and internal energy) was plotted 
for comparison. Figure 17 depicts the energy-time history of the PU, XPS and Aluminium respectively. The 
dominant internal energy in these two cases indicated that these foams absorbed more energy than the energy 
required for their motion. On the other hand, the kinetic energy is more dominant than the deformation energy in 
the case of the Aluminium foam as shown in Figure 17. Higher kinetic energy indicates that the foam was more 
susceptible to inertial displacement rather than energy absorption through the deformation. Ideally, for 
maximum energy absorption by the foam materials, the road barrier needs to be fully fixed to the ground. 
Despite the Aluminium foam’s superior performance in other crashworthiness applications, its use in a PWFB 
may not produce the intended objective of increasing the energy absorption capacity of the PWFB by 
deformation of the foam.  
 
Figure 16: Comparison of recorded stress between regular (i) and retrofitted foam (ii) 
 
Figure 17: Internal energy and kinetic energy (KE) time histories of the tested foams panel. 
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Figure 17 depicts the internal energy of each foam material over time. The internal energy shows the 
deformation energy absorbed by the foams under impact. Initial reaction of the Aluminium foam was quicker 
that of the polymeric foams. However, the total amount of energy absorbed was the lowest among the three 
tested foams. The Aluminium foam mostly has been subjected mostly to elastic deformation, hence minimal 
energy is absorbed from the impact. The initial quick reaction of the Aluminium foam may be as attributed to its 
higher stiffness compared to the polymeric foams. On the other hand, the polymeric foams exhibited 
considerably greater energy absorption ability. The XPS foam absorbed 1.8 times more energy through 
deformation compared to its PU counterpart, even with relatively similar densities. This is expected considering 
that the XPS foam will is stiffer than PU foam. Based on the results from the tests with the three foam materials, 
it is clearly evident that the XPS foam yields the best result for maximum energy absorption in the PWFB 
system.  
Table 5 summarises the findings based on the numerical analyses carried out to obtain the response of the 
PWFBs with different types of foam materials under similar impact conditions. The deformation of the foam 
cladding contributes to the energy absorption in each barrier in the system. The percentage of energy absorbed 
can be described as: 
 % Energy Absorbed = � Max Internal Energy of FoamLateral kinetic energy of impact head � x 100 (6) 
with Lateral Kinetic Energy = 12 𝑚 (𝑣 𝑠𝑖𝑛 𝜃)2  (7) 
where the mass of the impact head m= 300 kg, initial impact velocity v=7.0 m/s, and impact angle, θ=55°. 
Using the above equations, the percentage of energy absorbed by each foam type was calculated and the results 
are shown in Table 5. 
Table 5: Energy absorbed by foams 
Material Max Internal Energy, (J) 
Lateral Kinetic 
Energy, (J) 
% Energy 
Absorbed 
Displacement 
distance (mm) 
PU foam 250 4931 5.06% 528 
XPS foam 425 4931 8.61% 465 
Aluminium foam 150 4931 3.04% 630 
It is evident that the percentage of the impact energy absorbed by all foam types is quite small. Despite the 
potential of the foams to absorb some of the impact energy as seen above, it is inconclusive whether the addition 
of foam cladding would aid to significantly limit lateral deflections of the PWFB system or in  redirecting a 
vehicle. Mounted foam claddings require additional material cost in the fabrication of the PWFB, yet their 
applications may only benefit the system during the initial impact with the vehicle rather than the entirety of the 
redirectional sequence. Thus, PWFB manufacturers need to determine the cost-benefit of mounting foam 
claddings onto the PEFB system if they contribute little towards the energy absorption and consequent response 
of the PWFB system.  
5. CONCLUSION   
5.1 Research Conclusion 
A numerical model of a composite water filled road safety barrier system was developed in this paper consisting 
of MDPE shell, steel endoskeleton, water and PU foam cladding. The FE numerical model of the composite 
PWFB demonstrated agreeable results with those from experimental testing and provided adequate confidence 
in the modelling techniques used in the paper.  
With the good correlation of numerical and experimental results, the numerical model, can be extended to larger 
scale impact cases, specifically ones that include actual vehicle models. Actual vehicle-barrier testing is 
expensive and requires tremendous effort. The cost-benefit of having a validated numerical model is significant 
and this allows the road barrier designer to conduct extensive tests via numerical simulations prior to standard 
impact tests. Different impact conditions can be implemented to evaluate the performance of the PEFB system 
under a wide range of impact conditions such as different impact locations, types of vehicles, location of impact, 
impact speeds and angles of impact.   
Furthermore, the properties of the external foam claddings affect the energy absorbed by the claddings with 
respect to the overall energy absorption of the PWFB unit. It was observed that polymeric foams absorb more 
energy through deformation compared to Aluminium foam. Future designers may need to test additional foam 
materials to recommend the best foam to be used as the filler claddings. The energy absorption capacity of the 
foam indicates that it may be beneficial for the foam to be implemented across the entire PWFB system.  The 
findings from the numerical impact analyses carried out with different foams attached to the PWFBs showed 
that foam claddings have the potential to decrease the localized damage during the initial impact of the vehicle 
and that the XPS foam has the highest energy absorption capacity compared to PU and Aluminium foams. 
The information provided in this study shed some light on the novel application of polymeric and metallic foams 
in PWFBs. This in turns will help researchers to determine the optimal materials and parameters which lead to 
the realization of new generation roadside safety structures.  
5.2 Limitations 
The information presented in this paper will help designers of water-filled barriers to understand the localised 
effect that the barrier undergoes under a vehicular impact. However, several limitations are evident in this 
research. The impact conducted using the horizontal impact testing rig would only allow impact speeds of only 
25.9 km/h. The high speed impact these barrier needs to be tested involves impact speeds up to a range of 100 
km/h. Furthermore, even though the carriage succeeded in imparting impulsive force similar to a vehicle, the 
engine rail spearing though the bumper and tearing the road barrier was not realistically modelled in the 
experiment. The result numerical analysis is also limited due to the absence of an actual vehicle model in the 
simulation. In order to determine the full response of the composite PWFB, full-scale vehicle-PWFB impact 
needs be modelled in accordance to the MASH 08 standard, this full scale model also needs to be validated 
experimentally. Nonetheless, the results presented some headway in the understanding of energy mitigation and 
distribution in the proposed composite barrier setup. The next phase of design will involve harmonizing the 
redirective capability of the barrier with reduction of localised shell tearing at high speed impacts.         
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